To increase the survival rates of patients with breast cancer, an ultrasound imaging system must detect tumors when they are small, with a diameter of 5 mm or less. This requires an understanding of how propagation of ultrasound energy is affected by the complex structure of the breast. In this paper, a Finite-Difference Time-Domain (FDTD) method is developed to simulate ultrasound propagation in a two-dimensional model of the human breast. The FDTD simulations make it possible to better understand the behavior of an ultrasound signal in the breast. For example, here the simulations are used to investigate the effect of fat lobes adjacent to the skin layer in a simple breast model. Experimental work performed at the University of Pennsylvania has shown that strong refraction caused by the fat lobes results in nulls in the forward transmitted field. This result was duplicated with the FDTD simulations, and it was shown that the effect of refraction is clearly evident for energy exiting the breast. The existence of strong refraction has a significant impact on ultrasound imaging since it implies that an imaging method based on a weak scattering assumption is unlikely to work well.
INTRODUCTION
An imaging method must be capable of detecting tumors with maximum diameters of 5 mm to effectively screen for breast cancer; at this size, current treatment modalities can virtually cure a patient. As the size of a tumor increases, the chance of survival decreases rapidly [1] . Ultrasound mammography is a promising imaging method, particularly for use in young, premenopausal women. In these women, glandular tissue is usually dense, and it is difficult to obtain high enough contrast to facilitate detection of small tumors using conventional X-ray mammography.
The most common ultrasound imaging methods in use today are pulse-echo techniques [2, 3] for which energy is assumed to travel in straight lines at the speed of sound. Other ultrasound imaging techniques use both the transmitted and reflected energy to form a two-dimensional image of the breast. These techniques include ultrasound computed tomography and tomography based on the Born approximation [4, 5] . However, all of these techniques assume that scattering is weak and do not account for strong diffraction and refraction. Recently, researchers have found that strong refraction can occur [5] [6] [7] , which necessitates the development of imaging methods that are not based on a weak scattering assumption. Researchers studying tomographic reconstructions based on the Born approximation also cite the need for imaging methods that account for strong scattering [5] . This requires a better understanding of the effects of the complex structure of the breast on an ultrasound signal.
In this paper, we present a Finite-Difference Time-Domain (FDTD) method for performing simulations of ultrasound propagation in a two-dimensional (2-D) model of the human breast. We simulate ultrasound propagation, both transient and steady-state cases, in a simple model of the breast. The breast model is comprised of an annular layer of fat with fat lobes placed uniformly around it. Interior to the fat layer is glandular tissue and the modelis surrounded by water. The simulation results duplicate the experimental results of University of Pennsylvania researchers [6, 7] , which showed that the fact lobes cause strong refraction, giving rise to destructive interference, or nulls, in the received signal. The FDTD method can be used easily to simulate ultrasound propagation in more complex models of the breast, which would lead to better understanding of the effect of breast structure on an ultrasound signal. This understanding, in turn, would allow development of more robust imaging algorithms which account for the effects of strong scattering.
FDTD SIMULATION TECHNIQUE
An advantage of using the FDTD simulation technique is that no physical approximations are made; thus, propagation includes refraction, diffraction, and multiple reflections. A ray-tracing model does not account for diffraction, so a small tumor cannot be adequately modeled. Also, inhomogeneous tissues cannot be modeled. A moment method approach can include all scattering phenomena, but because of the difficulty in inverting a large matrix, the physical size of the object is limited. A fast Fourier transform-based conjugate gradient method (FFT-CG) can be used to overcome this limitation, but it is restricted to steady-state, single-frequency problems [8] [9] [10] . The FDTD method can be used to simulate both transient and single-frequency, steady-state problems. The cost is also an advantage. To simulate a problem with N unknowns, the FDTD simulation requires on the order of N computations. Also, the cost of increasing the complexity and configuration of the model is minimal. Moment method techniques require O(N 2 ) computations while an FFT-CG method reduces this cost to O (Nlog 2 N) .
The FDTD simulation technique is based on the linearized equations of continuity and motion written in the time domain [11] Ϫٌ и
Ѩp(x, y, t)
where
is the particle velocity, p(x, y, t) is the pressure, p(x, y, t) is an added term that accounts for loss in the tissue, and is the density of the tissue with wavenumber k ϭ /c ϩ ␣, where ϭ ΊϪ1, and c and ␣ are the speed of sound and loss in the tissue, respectively. These equations assume that breast tissue supports only a longitudinal wave. Mode conversion to shear waves at material boundaries is modeled as part of the loss mechanism for longitudinal waves [12, 13] . It is commonly assumed that the breast behaves as an ideal fluid [14] [15] [16] [17] . This is reasonable since the shear wave speed is small and attenuation is large relative to longitudinal wave speed and attenuation [12] [13] [14] . Thus, there is no appreciable energy associated with propagating shear waves. It is also assumed that tissue loss can be modeled simply as an additive term i the continuity equation.
The equations above can be discretized using second-order difference operators to approximate the temporal and spatial derivatives. This gives rise to a set of differencing equations that can be solved for future field values given past and current field values [18] . However, the resulting difference equations give rise to significant numerical anisotropy and temporal pulse dispersion. The anisotropy causes waves propagating at different angles with respect to the grid lines to travel at different speeds. Temporal dispersion causes the different frequency components of a pulse to travel at different speeds, resulting in pulse broadening. To minimize grid anisotroy and temporal dispersion, 40 or greater points per wavelength (PPW) must be used. For FDTD simulations of ultrasound propagation in the breast, frequencies in the megahertz range are used, and the size of the breast is on the order of hundreds of wavelengths. Thus, the computational cost is prohibitively expensive. To reduce grid anisotropy, the main source of error, a fourth-order central difference approximation is used for the spatial derivatives. This results in difference equations that are second-order in time but fourth-order in space (2-4) [18] . Temporal dispersion is reduced as well. With the 2-4 method, 10-20 PPW are required and computation can be performed on a supercomputer. For details on dispersion and grid anisotropy see [18] .
Discretization of Eqs. (1-3) using the 2-4 algorithm yields
and ⌬x ϭ ⌬y ϭ ⌬r ϭ min /PPW is the spatial discretization step size, where min ϭ c min / f is the smallest wavelength in the problem under consideration for a given frequency f. Finally, the time step ⌬t ϭ ⌬r/2c max is chosen to satisfy the stability requirement. The c max and c min are the fastest and slowest medium velocities, respectively, for the problem geometry [18] . Since the problem considered involves an unbounded region, an absorbing boundary condition (ABC) is required at the edges of the computational grid. The purpose of the ABC is to absorb fields propagating from the interior of the grid so the grid appears to be unbounded. In addition, a problem arising from the 2-4 FDTD algorithm used here is that Eqs. (5) through (7) require information about field components outside the computational domain to compute the field values near the boundaries. The ABC used in this work provides the field values at the boundaries and lying outside the computational domain. The ABC is based on image theory for which both the incoming wave and its mirror image across the boundary are bsorbed at the boundary. To implement the ABC the equation of continuity (Eq. (1)) is used; the performance of the image-based ABC is similar to that of the second-order, one-wave ABC [19] . For details, see [18] .
2-D BREAST MODEL
The 2-D breast model used for our simulations is shown in figure 1 . The model consists of an outer layer of fat surrounded by water with glandular tissue in the center. The fat layer has an outer radius of 4.0 cm and an inner radius of 3.5 cm, and circular fat lobes 1.0 cm in diameter are centered on the inner radius of the fat ring. Although the breast model is not full-sized (with an outer radius of 6 cm), the fat layer and lobes are appropriately scaled. The smaller model was used to keep computational cost at an acceptable level. A full-size problem would have required nearly twice the memory and number of computations. Simulations were also performed for a breast model with an external layer of skin 2 mm thick, and it was found that the results and conclusions of the analysis are similar both with and without the skin layer. The only significant effect of the skin layer is to decrease the strength of the fields that propagate through the breast. The results presented here demonstrate the effect of the fat lobes alone, and their effect can be clearly seen. For the steady-state magnitude result, data were recorded along the line labeled 'D,' parallel to the y-axis. This simulates the row of transducers used to record the transmitted field upon exiting the breast. This is similar to the manner in which the field was measured in the studies reported in [6, 7] .
The material parameters used in the simulations are given in table I. Listed are the different tissue types, their densities, speeds, of sound and losses. Tissue loss is approximately a linear function of frequency, increasing as the frequency is increased. The FDTD method used for the simulations does not account for this frequency dependence. Thus, the same parameter values were used for all simulations-the value at a frequency of 3.0 MHz, the frequency used in the steady-state simulation. The parameters in table 1 are taken from work reported by E. L. madsen et al. and are representative of the tissue parameters found in young, premenopausal women [12] [13] [14] [15] [16] . In these women the difference in the parameter values of fat and glandular tissues is more pronounced than in postmenopausal women. Thus refraction at the fat-glandular interface is significant, as shown in the next section.
SIMULATION RESULTS
The results for a transient scattering simulation are shown in figure 2 and for a steadystate scattering simulation in figure 3 . Grid spacing and time steps used are ⌬r ϭ 42.5m (12.4 PPW at 3.0 MHz in glandular tissue) and ⌬t ϭ 13.44 ns, respectively. The grid size is n ϭ 2100 points by m ϭ 2000 points. For the transient simulation a short pulse is introduced into the FDTD grid; it is Gaussian in shape and has a half power bandwidth of 1.472 MHz and a duration of 569.2 ns. It is initiated from a circular area with a 10 grid-point radius centered 4.46 cm from the center of the breast model. In this circular area the pressure field is given by g(t Ϫ Ίr/c) where r 2 ϭ x 2 ϩ y 2 and g(x) is the Gaussian. For the steady-state scattering simulation, a line source is used to insonify the breast model, allowing comparison with the work of Pauls and Steinberg [7] . The location of the source is to the left of the model and 4.46 cm from its center. The frequency of the line source for the steady-state simulation is 3.0 MHz (this is equivalent to 2.0 MHz for a full-size breast model with a diameter of 12 cm). The origin of the source is located 50 grid points from the left boundary and centered between the top and bottom boundaries. Each simulation took approximately 5 CPU hours on a Cray C-90. The figures were created first by plotting peak values of the field, both positive and negative, in black and areas of zero amplitude in white, with corresponding gray values in between. To improve contrast the images were then histogram-equalized to produce the final images shown in figures 2 and 3 [20] .
For the transient response, figure 2 , the pulse is just exiting the breast. An outline of the breast model has been superimposed over the results so that the effect of the fat lobes is readily visible. The nulls in the exiting pulse, indicated by the symbol 'R' in figure 2, are caused by refraction by the fat lobes. The greatest refraction occurs at the intersection of two fat lobes, where the angle between the propagating pulse and the normal to the fat lobe is the largest. Also visible in figures 2 and 3 are the reflection from the fat/ glandular interface and the creeping, or traveling, wave along the fat/water interface (indicated in figure 2 by the symbols 'B' and 'C,' respectively). Dispersion of the transient pulse occurs; this is inherent in the FDTD method and can be reduced by using a finer mesh. However, a finer mesh would require prohibitive computer resources, so a tradeoff between dispersion and resources is necessary [18] . Nonetheless, dispersion does not appreciably affect the results presented here. Figure 3 shows the results for a steady-state simulation. For this case, there is no significant numerical dispersion of the continuous wave source. Again, the field amplitude is shown with the peaks, both positive and negative, in black. Areas of zero amplitude are shown in white. The effect of refraction by the fat lobes is readily apparent. Large areas of white, or zero fields, occur at the junctions of the fat lobes. This is most significant to the right of the breast where energy is exiting. As energy passes through the glandular/ fat interface, the energy is refocused into several beams. This is the beam splitting phenomenon reported in the University of Pennsylvania study [6, 7] . The nulls correspond to the intersections of fat lobes. There is also strong refraction as the wave enters the breast the fat lobes on the left side of the models trongly redirect energy as it passes through the fat layer.
Finally, figure 4 shows the field magnitude for the steady-state case. Here the effect of refraction in the breast is also evident. The data are taken 4.6 cm from the center of the breast model on the right side of the model (line labeled 'D' in Fig. 1 ). Positive distances correspond to positive values on the y-axis. The nulls due to refraction are indicated by arrows.
CONCLUSIONS
A Finite-Difference Time-Domain (FDTD) method was developed to simulate ultrasound propagation through a 2-D model of the breast. The FDTD simulations can be used both to study the effect of the breast structure and to test the accuracy of scattering assumptions used in ultrasound imaging techniques. The simulations are numerically exact since no approximations are made. The only assumptions made are that mode conversion to shear waves is modeled in the longitudinal loss, propagating shear wave energy is negligible, and that all loss can be modeled simply in the continuity equation. The 2-D breast model used consists of a fat layer surrounding glandular tissue. The fat layer is comprised of fat lobes placed uniformly around the circumference of the breast. Both transient and steady state excitations were examined. In all cases, the fat lobes caused significant beam splitting and refractive nulls. The refractive nulls occur at the junctions between fat lobes. At these locations, the angle of incidence is large and the energy is redirected, giving rise to destructive interference. These results have also been observed by other researchers working with breast phantoms or with premenopausal women [6, 7] .
These results have a significant impact on imaging techniques. Models based on weak scattering assumptions cannot account for the strong refraction demonstrated by the FDTD simulations. To imae small tumors, no larger than 5 mm in size, an imaging technique msut account for the effects of strong refraction. FDTD simulations provide an accurate tool for investigation of scattering effects.
